The human blood group systems are testament to the macaque's importance in biomedical research. The Rh factor, which refers to the presence of the Rh antigen on red blood cells (RBCs), was named after the rhesus macaque due to its role in the antigen's discovery (Landsteiner & Wiener, 1940) . The ABO locus, which determines the presence of A, B, both A and B or no (excepting the virtually universal H, the precursor to all ABO antigens) antigens on human RBCs, is clinically relevant not only for blood transfusion and organ transplantation (since incompatible phenotypes between donor and recipient can lead to tissue rejection) but also because multiple cancer types have been associated with alterations in the ABO gene (Bianco-Miotto, Hussey, Day, O'Keefe, & Dobrovic, 2009; Gao et al., 2004; Nambiar, Narayanan, Prakash, & Vijayalakshmi, 2017) .
Advances in stem cell and transplantation science have made ABO typing of humans a routine task, as human populations vary in their frequencies of the A, B, AB and O blood groups (Tesfaye, Petros, & Andargie, 2015) . In humans, blood type can be determined via forward-or reverse-typing agglutination tests, which rely, respectively, on the blood group antigens being present on the RBCs and corresponding antibodies that follow Landsteiner's rule (Landsteiner, 1900) being present in serum. Ségurel et al. (2012) have suggested that the primate A and B blood types emerged prior to the divergence of primates into distinct species. Sequence analyses of blood types from three distantly related species of primates including rhesus macaques, whitehanded gibbons (Hylobates lar), and Angola colobus (Colobus angolensis) revealed that the blood types for all three developed approximately 20 MYA, an age that far exceeds the rhesus-cynomolgus split of approximately 1.3 MYA (Stevison & Kohn, 2009 ). Thus, the ABO blood group phenotypes of rhesus and cynomolgus macaques were probably inherited from their common ancestor and have been retained, perhaps under balancing selection (Ségurel et al., 2012) , since their emergence as separate species.
The ABO blood system of macaques differs from that of humans and apes in regard to RBC antigen presence. Instead of being found on the surface of RBCs, the antigens produced by the gene are found only in macaque secretions, such as saliva, sweat, tears, semen, gastric juices and vaginal fluid (Moor-Jankowski & Wiener, 1968) . While techniques, such as the saliva inhibition test, can infer blood type from secretions (Kim et al., 2015) , they are more subjective than the direct or reverse agglutination tests. Recently, Premasuthan, Kanthaswamy, Satkoski, and Smith (2011) , Premasuthan et al (2012) developed a molecular method, which allowed for fast and consistent ABO typing of rhesus and cynomolgus macaques from purified DNA. This assay amplifies allele-specific fragments containing the A and B functional sites at amino acid residues 266 and 268 in exon 7 of the ABO locus where specific codons are required for expression of the A and B transferases (Doxiadis et al., 1998; Yamamoto, Clausen, White, Marken, & Hakomori, 1990 ) and employs two allele-specific probes for those two specific amino acid residues. The A-specific probes are complementary to the CTT and GGG codons for leucine and glycine at amino acid positions 266 and 268, respectively, while the B-specific probes are complementary to the ATG and CGG codons at those positions that code for methionine and alanine. The codons are evaluated with two consecutive assays targeting the 266 (first assay) and 268 (second assay) functional sites. This assay assumes that there is no O allele in macaques, as no functional mutations leading to a null allele have yet been identified (Doxiadis et al., 1998; Premasuthan et al., 2012) . There is a strong likelihood that one study that claimed to have found the O blood group in cynomolgus macaques (Malaivijitnond, Sae-Low, & Hamada, 2008) was affected by the false-positive O rate of reverse agglutination tests for blood typing, because the type A and B RBCs used for their test had not been absorbed with type O human sera to remove species antigens Premasuthan et al., 2012) .
A recent study reported blood group frequency distributions based on molecular phenotyping in a large sample of rhesus and cynomolgus macaques. The results showed that the species and populations studied have different blood group distributions. The B blood type is the predominant phenotype in most rhesus macaques and in Philippine and Mauritian cynomolgus macaques while the A blood type predominates in most populations of cynomolgus macaques; in that study, the frequencies of A, B and AB phenotypes were more balanced in Chinese rhesus macaques and in Indonesian and Indochinese (Vietnamese and Cambodian) cynomolgus macaques. However, the cynomolgus population from Vietnam/Cambodia represented the only population in that study from a location where rhesus and cynomolgus macaques were known to hybridize (Stevison & Kohn, 2009 ). Before 2010, it was thought that a strong gene flow boundary between rhesus and cynomolgus macaques occurred at Thailand's Isthmus of Kra (IoK) and that inter-species hybridization was solely unidirectional, with Chinese rhesus macaque males being responsible for gene flow into cynomolgus macaque populations (Bonhomme, Cuartero, Blancher, & Crouau-Roy, 2009; Tosi, Morales, & Melnick, 2002) . However, subsequent SNP-based research on a Chinese rhesus macaque population suggested a more complex hybridization scenario between the two species (Kanthaswamy, Satkoski, Kou, Malladi, & Glenn Smith, 2010 ) that was confirmed later via sex-linked marker studies (Bunlungsup, Imai, Hamada, Matsudaira, & Malaivijitnond, 2017) .
Newer research utilizing markers across the nuclear genome in hybrid zone populations established both bidirectional (albeit unbalanced) gene flow and a wider hybrid zone and cautions that while pure species status need not always be a necessary criterion for use of macaques in biomedical studies (Bunlungsup, Kanthaswamy, et al., 2017) , wide variation among hybrid macaques in their proportions of rhesus and cynomolgus macaque ancestry can influence phenotypic expression of traits under experimental study. Moreover, the more balanced blood group frequencies in Chinese rhesus macaques and Indochinese cynomolgus macaques might reflect gene flow between two species in which blood groups B and A, respectively, would otherwise predominate.
In this study, we used molecular phenotyping as described in Premasuthan et al. (2011 ), Premasuthan et al. (2012 to characterize the ABO blood group distribution, donor-recipient incompatibility and population structure of the ten hybridized populations in the rhesus-cynomolgus zone of intergradation. The ABO phenotypes of these hybrid zone populations were then compared to species-wide data to understand the impact of hybridization on macaque blood type distributions. Additionally, because the only study reporting the presence of an O blood type in macaques focused on cynomolgus macaques in this hybrid zone (Malaivijitnond et al., 2008) , we also monitored populations for aberrant molecular phenotyping results.
| MATERIAL S AND ME THODS
DNA samples from 222 free-ranging macaques, comprising 8 rhesus and cynomolgus populations living in the hybrid zone described in Bunlungsup, Kanthaswamy, et al. (2017) as well as 30 wild-caught cynomolgus macaques from Laos, were subjected to molecular phenotyping using the dual-amplification qPCR procedure developed by Premasuthan et al. (2011) , and blood group frequencies were calculated assuming absence of an O allele. The nine populations studied consist of four rhesus macaque populations from Myanmar, Thailand, and Laos and five cynomolgus macaque populations from Laos and Thailand (both North and South of the IoK; Bunlungsup, Kanthaswamy, et al., 2017) Hardy-Weinberg equilibrium (HWE) was tested in each population, as well as in the described groups, by applying the chi-square goodness-of-fit test with the Yates correction (Yates, Moore, & McCabe, 1999) to the observed counts of A, B and AB blood group phenotypes at the 0.01 level of probability. Prior to performing the Yates correction, the least-frequent homozygote class was added to the heterozygote count to insure conformance to conditions required for this statistical test. The phenotype distributions were compared between populations using the Fisher Exact Test at the 0.01 level of probability. Genetic differentiation (F ST ) coefficients were estimated between all pairs of populations, zones and species using Arlequin version 3 (Excoffier, Laval, & Schneider, 2007; Wright, 1978) . The significance of these F ST estimates was tested using 100 TA B L E 1 Population origin information, number of samples successfully amplified, ABO blood group frequencies, indeterminate blood group frequency, chi-square test results for Hardy-Weinberg equilibrium and incompatibility (IC). The sample location numbers within the hybrid zone correspond to Figure 1 Animal Information Notes. "-": specific location of the population within a region was unknown. a Data from Kanthaswamy et al. (2017) . **Significant (p < 0.01) departure from Hardy-Weinberg equilibrium.
permutations for a significance level of 0.05. The probability of pairing incompatible blood donors and recipients at random was calcu-
f AB are the frequencies of the blood groups A, B and AB, respectively (Premasuthan et al., 2011) .
In each population, the frequencies of indeterminate phenotypes were also calculated. Indeterminate phenotypes are a result of unsuccessful A/B allele detection with either or both of the two probes in the macaque qPCR method, which have an incidence of 2.39% and 1.18% in cynomolgus and rhesus macaques, respectively, based on previous studies . Due to the substantial age of the original hybrid samples, which were collected during 2004-2007, it was suspected that a significant number of samples would fail to amplify due to degradation, confounding the identification of true indeterminate phenotypes. To eliminate such samples from our identification of indeterminate phenotypes, we restricted our definition of "indeterminate" phenotypes in the hybrid populations to those samples in which one hybridization probe assay failed to detect the SNPs associated with the A or B allele but in which one or both of those alleles were detected using the other assay, signifying acceptable quality DNA for qPCR (Figure 2 ). If all of these relatively rare indeterminate phenotypes result from mutations in at least one of the two functional ABO codons, it is unlikely that two rare independent mutations occur simultaneously in both codons. Nevertheless, because samples that were determined not to have A, B or AB phenotypes were excluded from further analysis, the indeterminate frequencies found in the hybrid populations represent very conservative estimates.
| RE SULTS
Of the 252 animals from the hybrid zone that underwent molecular phenotyping in this study, 181 were successfully assigned a blood type designation. Data were analysed and presented in three levels; individual population (15 populations; Table 1 ), macaque zones (three zones; Table 2 ) and morphospecies division based on Bunlungsup, Kanthaswamy, et al. (2017); two morphospecies, Table 3 ). All individual populations in the hybrid zone were in HWE, and the WTPMH-Thai rhesus population was monomorphic for the B allele (Table 1) . Among the three macaque zones (Table 2) , only the rhesus zone was in HWE, though the rhesus species as a whole ( (Table 2) , predominantly due to the much larger size of our sample of Indian (N = 1,260) than of Chinese (N = 50) rhesus macaques, and was the only zone to show such bias towards a single blood type. The hybrid and cynomolgus zones exhibited increased A blood group frequency. If the species status was not counted in these three macaque zones, it seems that the macaques lived in the southern latitude had the higher A blood group frequency (Table 2 ). At the morphospecies division level, the B group was predominant among the rhesus division (88.50%) while the cynomolgus division exhibited a more balanced proportion of the blood group phenotypes (38.73% A, 33.11% B, 28.16% AB) (Table 3) .
Different blood group phenotype distributions (p < 0.01) were found among all three zones as well as between both species as a whole. Distributions of the blood groups were also found to be sig- Table 5 ). However, the hybrid and cynomolgus zones were much less genetically isolated from each other (F ST = 0.043; Table 5 ). Within the individual hybrid populations, a WTPMH-Thai rhesus and WKT-Thai cynomolgus population pair were the most differentiated (F ST = 0.963; Table 6 ). High differentiation was also seen F I G U R E 1 Map (modified from Bunlungsup, Kanthaswamy, et al., 2017) illustrating the distribution ranges of rhesus macaque (dark grey), cynomolgus macaque (light grey) and their hybrid zone (grey). Red (rhesus morphospecies) and green (cynomolgus morphospecies) dots indicate the sites from which the samples were collected. The hybrid zone sample location numbers in Figure 1 correspond to those in Table 1 . Unnumbered coloured dots indicate populations in which the precise sampling location within a region is unknown (designated with dashes in Table 1 Table 6 ).
Seven hybrid populations (not including the Vietnamese/
Cambodian and the WHM-Thai cynomolgus populations, as well as the BDM-Laotian rhesus population) exhibited an indeterminate blood group phenotype. The five indeterminate phenotypes in the SMT-Myanmar rhesus population showed amplification of both the F I G U R E 2 A qPCR graph that shows an indeterminate blood type in this study. Each y-axis represents detection intensity at the B allele-specific probes, and each x-axis represents A allele-specific detection intensity. All tested and control samples were run in duplicate to ensure consistent genotyping. The purple-circled dots represent the tested sample, the uncircled red and blue dots represent the A-and B-positive controls, respectively, the green dots reflect the amplification of both alleles in the AB control sample and the black squares denote the nontemplate control. Using the first assay (including the probe for the 266 amino acid residue), there is no allelic detection as the test samples showed the same intensity as the non-template control. The second assay (with the probe corresponding to the functional 268 residue) clearly shows amplification of the B allele, with the tested sample clustering with the B-positive controls unlike in the first assay.
[Colour figure can be viewed at wileyonlinelibrary.com]
TA B L E 3 Morphospecies divisions, number of samples successfully amplified, ABO blood group frequencies, indeterminate blood group frequency, chi-square test results for Hardy-Weinberg equilibrium and incompatibility (IC). The sample location numbers within the hybrid zone correspond to Figure 1 A and B alleles at the second probe site (targeting the 268 codon), and a WTPMH-Thai rhesus population contained indeterminate blood types in which the B allele was only amplified at the second probe site (Figure 2 ). The WKT-Thai cynomolgus population, north of the IoK, included seven indeterminate A-X animals and one AB-X animal, all with amplification of the A allele at the first probe site (targeting the 266 codon), and the KNKTK-Thai cynomolgus population, south of the IoK, had 12 indeterminate animals due to nonamplification of the first probe site (Table 7) . Over 15% of the individuals in the hybrid zone exhibited an indeterminate ABO phenotype compared to 1.18% and 2.39% in the pure blood rhesus and cynomolgus populations, respectively ( Table 2) . The populations in which the highest indeterminate rate occurred were found in WTPMH-Thai rhesus (35.30%), WKT (32%) and KNKTK-Thai (54.6%) cynomolgus populations, from north and south of the IoK, respectively (Table 1) .
Species

| D ISCUSS I ON
Knowledge of the ABO blood type of each primate in a research colony is essential for successful procedures requiring transplantation or transfusion (Socha, Marboe, Michler, Rose, & Moor-Jankowski, 1987) . Additionally, it is known that rhesus and cynomolgus macaques, the two NHP species most commonly used in biomedical research, express differential reactions to disease and that introgression between the two macaque species can affect disease status (Zhang et al., 2017) . In the light of recent research that suggests a broader zone of intergradation between the two species (Bunlungsup, Kanthaswamy, et al., 2017) , the goal of this study was to characterize the distribution and population genetics of ABO blood groups in the rhesus-cynomolgus macaque hybrid zone encompassing Myanmar, Laos, Thailand, Cambodia and Vietnam.
As with previous studies MoorJankowski & Socha, 1978; Premasuthan et al., 2011) , we confirmed that rhesus macaque populations exhibit an abundance of the B blood group and that most cynomolgus macaque populations reflect a more balanced phenotype distribution. Frequencies varied substantially among regional populations of both species, but, because sample sizes of most populations studied were <30, sampling variance might account for at least some of this variability. The blood group distributions were shown to differ among all zones and by morphospecies division, though the cynomolgus and hybrid zones were the least differentiated among these comparisons (F ST = 0.043). This, coupled with their similarly high rates of donor-recipient incompatibility, demonstrates that hybrid zone populations can be heavily, yet variably, impacted by gene flow. The results are consistent with the rejection of rhesus-driven unidirectional hybridization models and provide phenotypic confirmation of gene flow from the cynomolgus macaque populations into rhesus macaque populations demonstrated by Bunlungsup, Kanthaswamy, et al. (2017) .
As reported in Kanthaswamy et al. (2017) et al., 2013; Yan et al., 2011) , their genetic structure more closely resembles that of insular cynomolgus macaques than that of rhesus macaques. This is congruent with genomic research of the two species that has found signatures of cynomolgus macaque genetic introgression into the Chinese rhesus macaques (Bonhomme et al., 2009; Bunlungsup, Kanthaswamy, et al., 2017; Kanthaswamy et al., 2010; Satkoski Trask et al., 2013; Stevison & Kohn, 2009; Tosi et al., 2002; Zhang et al., 2017) . Similar blood group distributions in Thailand to those in surrounding rhesus macaque populations, as well as extensive differentiation among populations of the same species within Thailand, strengthen Bunlungsup, Kanthaswamy, et al. (2017) hypothesis that Thailand is the region's hybridization hotspot.
The most unexpected result of this study was the discovery of a significant enrichment of indeterminate blood types in the hybrid populations. Kanthaswamy et al. (2017) had reported much lower rates of indeterminate blood group types in some of the pure blood populations used in this study. These indeterminate phenotypes are attributed to allele-specific probe-target hybridization failures, implying a genetic cause rather than DNA degradation. TA B L E 7 Indeterminate blood typing results by error category in each hybrid population that contained at least one indeterminate result. Error categories are defined by (a) no detection with the first probe, which targets amino acid position 266 in exon 7, but detection of an A allele with the second probe, which targets amino acid position 268 in exon 7, (X-A), (b) no detection with the first probe, but detection of a B allele with the second probe (X-B), (c) no detection with the first probe, but detection of both alleles with the second probe (X-AB), (d) detection of an A allele with the first probe, but no detection with the second probe (A-X) and (e) detection of both alleles with the first probe, but no detection with the second probe (AB-X). There were no indeterminate results in which the first probe indicated a B allele, and no indeterminate results were found in the WHM population 
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